Pt nanoparticles ͑NPs͒ formed by ion-beam synthesis in amorphous SiO 2 were irradiated with Au ions in the energy range of 27-185 MeV. Small-angle x-ray scattering ͑SAXS͒ and transmission electron microscopy were used to characterize an irradiation-induced shape transformation within the NPs. A simple yet effective way of analyzing the SAXS data to determine both NP dimensions is presented. A transformation from spherical to rodlike shape with increasing irradiation fluence was observed for NPs larger than an energy-dependent threshold diameter, which varied from 4.0 to 6.5 nm over 27-185 MeV. NPs smaller than this threshold diameter remained spherical upon irradiation but decreased in size as a result of dissolution. The latter was more pronounced for the smallest particles. The minor dimension of the transformed NPs saturated at an energydependent value comparable to the threshold diameter for elongation. The saturated minor dimension was less than the diameter of the irradiation-induced molten track within the matrix. We demonstrate that Pt NPs of diameter 13 nm reach saturation of the minor dimension beyond a total-energy deposition into the matrix of 20 keV/ nm 3 .
I. INTRODUCTION
Nanoparticles ͑NPs͒ are promising building blocks for materials with well-defined functions. The understanding of NP properties, which can differ significantly from those of their bulk counterparts, as well as the ability to control parameters such as size, shape, and structure are essential for the development of functional materials and devices. 1 The properties of NPs depend on both size and shape. Examples include linearly polarized emission of semiconductor quantum rods, 2, 3 anisotropic magnetic properties of elongated Co NPs, 4 and enhanced catalytic activities of nonspherical Pt NPs. 5 Ion implantation followed by thermal annealing is a commonly used technique for the fabrication of NPs embedded in a matrix, enabling the control of the depth and concentration of implanted atoms, as well as the protection afforded to the NPs by the surrounding matrix. 6 Ion irradiation prior 7 or subsequent 8, 9 to NP formation along with variations in implanted atom concentration and annealing conditions 10 can be used to tailor the size distribution of spherical NPs.
Swift heavy ion irradiation ͑SHII͒ is an important tool in the modification of materials. [11] [12] [13] [14] In the energy regime above tens of mega electron volts, the ion-matter interaction is dominated by electronic energy loss with the energy locally deposited along the ion path. 15 Effects that arise from this form of interaction include the deformation of metallic and semiconductor NPs. Interestingly, the deformation of semiconductor NPs yields elongation perpendicular to the incident ion-beam direction [16] [17] [18] [19] while metallic NPs elongate parallel to the beam direction. 4, [20] [21] [22] [23] [24] This intriguing behavior of metallic NPs under SHII may yield applications in advanced devices given that NP magnetic 4 and optical 2 properties strongly depend on orientation. D'Orleans et al. 4 suggested that NP melting combined with creep deformation drives the elongation process although Klaumunzer 13 pointed out the limitations of such a model. A thorough understanding of the deformation process is still lacking, and only scant and sometimes contradicting results 21, 22 have been presented thus far.
This work reports on the effects of SHII of Pt NPs formed by ion implantation in amorphous SiO 2 . The deformation process is studied as a function of NP size, irradiation fluence, and energy to give a broad prospective of the shape transformation.
II. EXPERIMENT
Pt NPs were formed in 2-m-thick SiO 2 films, thermally grown on Si substrates, using ion implantation and thermal annealing. Pt ions of 3.5-5.6 MeV were implanted at liquid N 2 temperature to total fluences of 5 ϫ 10 16 −1ϫ 10 17 cm −2 , resulting in peak atomic concentrations of 0.9-3.0 at % at depths of ϳ1.4 m from the SiO 2 surface. 7, 10 Samples were subsequently annealed in forming gas ͑95%N 2 +5%H 2 ͒ at different temperatures and different times to generate a variety of NP size distributions. Subsequently, samples were irradiated with 27, 55, 89, or 185 MeV Au ions at room temperature with fluences varying from 1 ϫ 10 12 −2 ϫ 10 15 cm −2 . The electronic energy loss was near constant over the depth of the SiO 2 layer, and of approximate values of 4, 8, 12 , and 17 keV/nm, respectively. The nuclear energy loss was two orders of magnitude lower than the electronic, 25 and was thus considered negligible. Figure 1 shows transmission electron microscopy ͑TEM͒ images of Pt NPs before and after SHII, from which the spherical to rodlike shape transformation is readily apparent. ͑These micrographs will be further discussed below.͒ TEM and small-angle x-ray scattering ͑SAXS͒ measurements were used to evaluate the shape and size evolution of the Pt NPs. TEM samples were prepared in cross-sectional geometry using the small-angle cleavage technique 26 with the analyses performed with a Philips CM300 microscope operating at 300 kV. SAXS measurements were performed at the ChemMatCARS beamline 15ID-D, Advanced Photon Source, USA, using x rays of wavelength 1.11 Å, and camera lengths of 1880 and 6880 mm. The scattered intensity I was collected as a function of the scattering vector Q using a MAR-165 charge coupled device ͑CCD͒ detector with an exposure time of 2 s. The measurements were performed in transmission mode with the sample surface normal oriented at angles of 0°-45°relative to the photon beam. SAXS samples were prepared by our procedure described previously 10 to enable measurements of the NP containing thin films only, avoiding scattering from the Si substrate. First, the Si substrate was thinned to ϳ150 m by mechanical grinding. A concavity of 130 m depth was then formed using a dimple grinder normally utilized for TEM sample preparation. Finally, a hole of diameter ϳ1 mm was opened in the remaining Si below the SiO 2 layer using selective wet chemical etching in a KOH solution. This method produces self-supporting, thin-film samples ideally suited for transmission SAXS measurements.
III. DATA ANALYSIS

A. Transmission electron microscopy analysis
The NP minor and major dimensions ͑D minor and D major ͒ were measured directly from TEM images, counting a minimum of 500 particles to achieve reliable statistics. For the comparison of the dimension distributions obtained with SAXS, we estimated the projection of D major ͑PD major ͒ of the NPs based on the geometry of ellipsoids of revolution
where ␤ is the angle of rotation for the SAXS measurement.
B. Small-angle x-ray scattering analysis
Given the high degree of orientation of the elongated particles as evident in Fig. 1 , the distribution of D minor and D major can be obtained from angle-dependent SAXS measurements. This is achieved by the separate analysis of small angular sectors of the detector image to enable the individual evaluation of D minor and PD major of the elongated particles. Figure 2 shows scattering images of samples containing aligned and elongated particles, and schematics of how the x-rays "see" the elongated particles at different angles of rotation. Vertical and horizontal masks of 10°arc sector with origin at the beam stop were used to characterize D minor and PD major , respectively, whose distributions were recovered using the IRENA 2 package for small-angle scattering analysis. 27 Quantitative analysis to determine the NP size distributions was based on a maximum-entropy method 28 using a spherical model. 29 The amplitude for the distribution of the nonspherical particles was corrected after the fit was performed. Since the size distribution of elongated NPs cannot be accurately described as Gaussian or any other common function, we used the maximum-entropy method, which is able to recover distributions of any shape. 28 The use of a spherical particle scattering function in combination with a correction factor substantially simplifies the analysis of highly oriented rods. We established the validity of this approach by comparing SAXS and TEM results, which yielded excellent agreement.
According to the approximate law of Guinier, 29 the scattering intensity I͑Q͒ of nonspherical identical particles can be approximated by
where n represents the total number of electrons in each particle, N is the number of particles per unit volume, D͑l 0 ͒ is the diameter of the particles in a direction defined by l 0 , and Q is the scattering vector defined by
where 2 represents the scattering angle and the x-ray wavelength. Given that the number of electrons per particle is proportional to the particle volume and using Eq. ͑1͒, we related the real volume of the particles and the spherical volume evaluated by the program,
where V real and N real are the real volume occupied by the particles and the real number of particles, respectively, and V s and N S represent the spherical volume and the number of particles estimated by the fitting procedure. From Eq. ͑4͒ we defined a correction factor ͑V S 2 / V real 2 ͒ to be applied to the diameter distributions of nonspherical particles estimated using spherical models. Figure 1 shows TEM micrographs of Pt NPs irradiated with 185 MeV Au ions. The left panels show the evolution of the NP shape and size as a function of irradiation fluence. Prior to irradiation, the NPs are of diameter 14.5 nm and, as shown in the inset on the right panel of Fig. 1 , are spherical and single crystalline. Upon irradiation, the NPs elongate in the direction parallel to the incident ion beam with increasing aspect ratio for fluences Յ2 ϫ 10 14 cm −2 . They exhibit polycrystalline morphology, as apparent from the high-resolution TEM image shown on the right panel of Fig. 1 The evolution of the NP dimensions under SHII is demonstrated in Fig. 3 , which shows D minor as a function of D major measured from TEM micrographs ͑each point represents the mean value of D minor for a given D major Ϯ1 nm͒. Elongation is only observed for NPs exceeding a threshold diameter of ϳ6.5 nm for irradiation at 185 MeV. NPs larger than the threshold diameter elongate until D minor saturates at this same threshold value, yielding a very narrow distribution for D minor . Simultaneously, D major increases significantly for SHII fluences Յ2 ϫ 10 14 cm −2 , yielding aspect ratios as great as ten ͑not shown͒. For higher fluences, despite dissolution and fragmentation, D minor remains unchanged. Figure 4 shows the complementary scattering intensities as a function of Q following 185 MeV Au ion irradiation.
IV. RESULTS
Scattering from the area within the vertical mask is plotted in Fig. 4͑a͒ , which originates from D minor , while scattering from the region encompassed by the horizontal mask is plotted in Fig. 4͑b͒ , corresponding to PD major at 45°. The corresponding dimension distributions are plotted in Fig. 5 , which shows the evolution of D minor and PD major as a function of SHII fluence. The elongation of the NPs upon irradiation broadens the PD major distribution ͓Fig. 5͑b͔͒. At the same time, the reduction in D minor is accompanied by a narrowing of the D minor distribution ͓Fig. 5͑a͔͒. The mean dimensions obtained from SAXS analysis of NPs irradiated with 185 MeV Au ions at different fluences, as well as the standard deviation of the distributions ͑when applicable͒ and the intensity correction calculated using Eq. ͑4͒, are presented in Table I for two NP sizes ͑8.4 and 14.5 nm prior to SHII͒. The values listed for the mean dimensions stem from the statistical average of the experimental data, not necessarily coinciding with the peak of the distributions. When the distributions could be approximated by a Gaussian, the standard deviations are also included. Note that for both size distributions, the mean NP diameter prior to SHII exceeded the threshold for elongation and, within experimental error, a common saturation value for D minor was observed upon SHII. These results agree well with TEM analysis as shown in Fig. 6 , validating our approach used in the SAXS analysis of the rodlike NPs. The TEM distributions were corrected using Eq. ͑1͒ to enable comparison with the SAXS results. Figure 7 shows TEM micrographs of 14.5 nm Pt NPs irradiated with 27, 55, 89, or 185 MeV Au ions to a total fluence of 2 ϫ 10 14 cm −2 . At this fluence, 89 and 185 MeV irradiations yield a saturation of D minor ͑as previously demonstrated in Fig. 3 for the latter͒. However, at lower energies this fluence is insufficient to achieve saturation. 27 MeV/ 2 ϫ 10 14 cm −2 irradiation yields images similar to that observed for 185 MeV with a fluence five times lower, where the NPs change from spheres to prolate spheroids. The electronic energy loss is approximately four times greater at 185 MeV compared to 27 MeV. Furthermore, the threshold diameter for elongation decreases with a reduction in ion energy as apparent from Table II as a function of SHII fluence. From dimension distributions derived from SAXS, we extracted the total volume of scattering particles as a function of SHII fluence and particle size as shown in Fig. 11 . ͑For the SAXS experimental arrangement described herein, we are sensitive to NPs of diameter Ͼ0.8 nm.͒ Clearly, smaller NPs are more readily dissolved in the matrix under irradiation, consistent with a larger surface-area-to-volume-ratio.
V. DISCUSSION
The minimum irradiation fluence for which changes in shape were observed was ϳ10 13 cm −2 , corresponding to ϳ15 ion impacts over the cross-sectional area of a NP of diameter 14 nm. Clearly elongation is not a single-ion impact event but it is the result of successive ion/NP/matrix interactions. The shape transformation was observed for all irradiation energies ͑27-185 MeV͒ or equivalently over the range of electronic stopping powers ͑4-17 keV/nm͒. The latter exceed the threshold ͑ϳ2 keV/ nm͒ for molten track formation in amorphous SiO 2 . 32 TEM and SAXS results presented here clearly demonstrate that NP volume is not conserved upon irradiation, in contrast to previous reports. 4, 18, 20, 21 Figures 10 and 11 show that the mean diameter and the total volume of NPs contributing to the scattering process decrease as a function of increasing irradiation fluence. Using the mean dimensions derived from SAXS and listed in Table I , the volume of a spherical NP of diameter 14.5 nm is three times that of the rod with minor and major dimensions of 8.8 and 14.7 nm, respectively, observed after 185 MeV Au ion irradiation to a fluence of 1 ϫ 10 14 cm −2 .
As demonstrated in Figs. 3 and 8 , there is a threshold diameter for NP elongation at each irradiation energy. From a linear fit to the data above this threshold, we extracted the slope that is plotted in Fig. 12 ͑for NPs of mean diameter 14.5 nm prior to SHII͒ as a function of the total energy deposited by Au ions in SiO 2 . A slope of zero corresponds to the saturation of D minor . Any ion energy dependence is within experimental error. The energy deposition required to reach saturation is necessarily NP size dependent with larger NPs requiring more energy to saturate D minor , as shown in the inset of Fig. 12 for 185 MeV irradiations. The NP volume plotted in the inset is that of the particles before irradiation as estimated from the elongated particle volume corrected to account for dissolution.
As reported by Toulemonde and co-workers, 15 ,32 SHII of amorphous SiO 2 can result in the formation of a latent track with a diameter dependent on the ion energy. Tracks result from the rapid quenching of a cylinder of matter in which the energy deposited onto the lattice exceeds that necessary for melting. Track diameters range from 6-10 nm for electronic stopping powers of 4-17 keV/nm. 33 Note the similarity between such values, and those for the threshold diameters for elongation and D minor saturations for Pt NPs following SHII. Figure 13 shows theoretical 34 and experimental 35 eter in SiO 2 is larger than D minor saturation for Pt NPs although both parameters scale with the electronic stopping power. We suggest the elongated metal nanoparticles are confined by the molten track in amorphous SiO 2 and thus the shape transformation will not proceed in the absence of an embedding matrix, consistent with previous observations. 20 As apparent from Fig. 10͑b͒ , Pt NPs below the threshold diameter for elongation dissolve into the matrix upon irradiation. Similar observations were reported by D'Orleans et al. 4 for small Co NPs irradiated with 200 MeV I ions although the dissolution of small particles was accompanied by the growth of large particles, consistent with Ostwald ripening. The latter was not evident for Pt NPs. Figures 10͑b͒ demonstrated that, respectively, the average particle diameter and the total volume of particles contributing to the scattering process both decreased with irradiation fluence. The dissolved Pt could be in the form of monomers in an oxidized environment within the matrix and/or metallic clusters too small ͑Ͻ1 nm͒ for detection by either TEM or SAXS.
VI. CONCLUSIONS
We have examined the effect of swift heavy ion irradiation on Pt particles embedded in amorphous SiO 2 . A shape transformation from spheres to prolate spheroids to elongated rods was observed for NPs exceeding an energydependent threshold diameter, where the latter progressively increased as a function of irradiation energy. NPs below this threshold remained spherical but decreased in size until eventually dissolved into the matrix. The dissolution of Pt NPs was size dependent with smaller particles dissolving more rapidly than their larger counterparts. Elongated nanoparticles were also subject to dissolution and, in addition, fragmentation via Rayleigh instability. NPs larger than the threshold diameter were progressively elongated and the minor dimension of the transformed rods saturated at an energy-dependent value that increased as a function of irradiation energy. The total electronic energy deposition necessary to achieve saturation was determined as a function of NP size. As anticipated, larger NPs required greater totalenergy deposition to reach saturation. We have correlated the saturation of the minor dimension of elongated particles with the diameter of the molten track in amorphous SiO 2 and suggest that the latter confines the irradiation-induced shape transformation. Such measurements will aid in the identification of the mechanisms governing the elongation process. 
